arly coronary reperfusion limits myocardial damage and improves survival after myocardial infarction. However, growing evidence indicates that reperfusion itself can cause damage to the ischemic myocardium; this damage is known as post-ischemic myocardial reperfusion injury. 1 Local and systemic inflammatory reactions play a key role in the extension of myocardial tissue injury and adverse effects during left ventricular (LV) recovery. 2 Some experimental studies have demonstrated the importance of monocyte/macrophage infiltration after myocardial infarction. 3, 4 Monocyte chemoattractant protein-1 (MCP-1) belongs to the CC chemokine subfamily with 2 adjacent cysteine residues, and serves as a chemotactic and activating factor for the recruitment of monocytes. 5 MCP-1 is secreted by various types of cells, such as monocytes/macrophages, T lymphocytes, endothelial cells, vascular smooth muscle cells and myocytes. [5] [6] [7] Many experimental and clinical studies have demonstrated up-regulation of MCP-1 after myocardial infarction, with recruitment of monocytes/macrophages to the ischemic myocardium. 8,9 CC chemokine receptor 2 (CCR2) is a major receptor for MCP-1 and MCP-1 appears to bind solely to CCR2. 5 We have previously reported improvement in LV remodeling after myocardial infarction in mice deficient in the gene encoding CCR2 by inhibiting matrix metalloproteinase (MMP) activity. 10 Recently, Dewald et al also reported that MCP-1 -/-mice attenuated LV remodeling after myocardial ischemia followed by reperfusion. 11 In addition to the effects on MMP activity and the release of pro-inflammatory cytokines, macrophages may cause oxidative stress. 12-14 Increased oxidative stress has been implicated in the cell death associated with cardiovascular diseases including ischemia-reperfusion injury. 15 Macrophages have been shown to produce peroxynitrite (ONOO -), a highly reactive oxygen species that can cause cell injury. 16 Several studies have implicated peroxynitrite as a major cause of injury in the heart subjected to ischemiareperfusion or cytokines. 17, 18 However, it is not clear whether the inhibition of the CCR2 pathway may attenuate oxidative stress induced by myocardial ischemia-reperfusion in mice. We hypothesized that the inhibition of the MCP-1/CCR2 pathway may contribute to the attenuation of infarct size after myocardial ischemia-reperfusion via inhibition of macrophage-related oxidative stress and MMP.
arly coronary reperfusion limits myocardial damage and improves survival after myocardial infarction. However, growing evidence indicates that reperfusion itself can cause damage to the ischemic myocardium; this damage is known as post-ischemic myocardial reperfusion injury. 1 Local and systemic inflammatory reactions play a key role in the extension of myocardial tissue injury and adverse effects during left ventricular (LV) recovery. 2 Some experimental studies have demonstrated the importance of monocyte/macrophage infiltration after myocardial infarction. 3, 4 Monocyte chemoattractant protein-1 (MCP-1) belongs to the CC chemokine subfamily with 2 adjacent cysteine residues, and serves as a chemotactic and activating factor for the recruitment of monocytes. 5 MCP-1 is secreted by various types of cells, such as monocytes/macrophages, T lymphocytes, endothelial cells, vascular smooth muscle cells and myocytes. [5] [6] [7] Many experimental and clinical studies have demonstrated up-regulation of MCP-1 after myocardial infarction, with recruitment of monocytes/macrophages to the ischemic myocardium. 8, 9 CC chemokine receptor 2 (CCR2) is a major receptor for MCP-1 and MCP-1 appears to bind solely to CCR2. 5 We have previously reported improvement in LV remodeling after myocardial infarction in mice deficient in the gene encoding CCR2 by inhibiting matrix metalloproteinase (MMP) activity. 10 Recently, Dewald et al also reported that MCP-1 -/-mice attenuated LV remodeling after myocardial ischemia followed by reperfusion. 11 In addition to the effects on MMP activity and the release of pro-inflammatory cytokines, macrophages may cause oxidative stress. [12] [13] [14] Increased oxidative stress has been implicated in the cell death associated with cardiovascular diseases including ischemia-reperfusion injury. 15 Macrophages have been shown to produce peroxynitrite (ONOO -), a highly reactive oxygen species that can cause cell injury. 16 Several studies have implicated peroxynitrite as a major cause of injury in the heart subjected to ischemiareperfusion or cytokines. 17, 18 However, it is not clear whether the inhibition of the CCR2 pathway may attenuate oxidative stress induced by myocardial ischemia-reperfusion in mice. We hypothesized that the inhibition of the MCP-1/CCR2 pathway may contribute to the attenuation of infarct size after myocardial ischemia-reperfusion via inhibition of macrophage-related oxidative stress and MMP.
Methods

Preparation of Animals
CCR2 -/-mice were generated by means of gene targeting, as previously described, and were backcrossed more than 7 times to the control C57BL/6J strain. 19 Wild-type mice of the same genetic background were purchased from Charles River Laboratories, Inc (Yokohama, Japan). CCR2 -/-and wild-type male mice were bred at the Animal Resource Facility at the Kumamoto University under specific pathogen-free conditions. All animal procedures were approved by the Animal Research Committee at Kumamoto University, and all procedures conformed to the Guide for the Care and Use of Laboratory Animals by the Institute of Laboratory Animal Resources. The CCR2 -/-and wild-type mice were fed a regular chow diet and were used for experiments when they were between 8 and 12 weeks of age.
Myocardial Ischemia-Reperfusion Model
The animals were anesthetized with intraperitoneal pentobarbital (50 mg/kg). An endotracheal tube was introduced and positive pressure ventilation was provided with a volume-cycled rodent respirator (Shinano Co, Tokyo, Japan). After the thoracic cavity was opened, an 8-0 Prolene suture was passed under the left coronary artery at the inferior edge of the left atrium and was tied to produce occlusion. Ischemia was confirmed by blanching downstream of the ligation and through persistent ST segment elevation on the electrocardiogram. After 45 min of ischemia, the left coronary artery was reperfused by releasing the ligature. Reperfusion was confirmed by visible restoration of color to the ischemic tissue and inversion of the T wave on the electrocardiogram. The chest was closed with a continuous 6-0 Prolene sutures; a 5-0 silk suture was used to close the skin. The endotracheal tube was removed once spontaneous respiration resumed, and the animals were placed on a 37°C heating pad until they were completely awake. A sham-operation included all procedures except ligation of the left coronary artery. The animals were killed at 6 h and at 1, 3 and 7 days after reperfusion. Tissue samples were isolated from the ischemic myocardium or normally perfused myocardium on the basis of visual inspection after injection of Evans blue dye, if necessary.
Evaluation of Risk Area and Infarct Size
At 3 days after reperfusion, the mice were anesthetized with pentobarbital (50 mg/kg, intraperitoneal injection), and the chest was reopened. The 'original' suture that had been used for ligation, which had been kept in place, was retied. The heart was then perfused with 5% Evans blue dye. The presence of Evans blue indicated the area of perfusion -that is, the non-ischemic area -and its absence indicated lack of perfusion -that is -area at risk (AAR). The heart was excised and the ventricle was cut into 5 transverse slices from the apex to the base. The slices were incubated in 1% triphenyltetrazolium chloride (TTC) solution at 37°C for 10 min. The slices were then photographed with a digital camera (Olympus, Camedia 3030, Tokyo, Japan) and weighed. For each picture, the total LV area, the area lacking Evans blue staining (AAR) and the area lacking TTC staining (infarct area) were determined by use of Image J (1.31v). For each slice, the ratios of AAR/LV, infarct area/AAR and infarct area/LV were determined and multiplied by the weight of the slice. These numbers for each slice were then summed over all slices, divided by the total weight of all slices and multiplied by 100 to yield percentages for the AAR/LV, infarct area/AAR, and infarct area/LV.
Histological Assessment
At 1, 3 and 7 days after reperfusion, mice were killed for microscopic analysis. Heart tissues were fixed in 4% paraformaldehyde solution at 4°C for 4 h, embedded in OCT compound (Sakura Finetechnical Co, Tokyo, Japan), frozen in liquid nitrogen and cut into 6-m-thick sections. Sections were routinely stained with hematoxylin and eosin, and Masson's trichrome for light microscopy.
Immunohistochemical Analysis
Immunohistochemistry was performed according to an indirect immunoperoxidase method with the following antibodies: anti-CD68 (FA-11; Serotec, Oxford, UK), antigranulocyte (Gr-1; Southern Biotechnology, Birmingham, AL) and anti-nitrotyrosine (Upstate, Lake Placid, NY). After inhibition of endogenous peroxidase activity using the method of Isobe and colleagues, sections were incubated with the monoclonal antibodies mentioned above at room temperature for 60 min. 20 Goat anti-rat immunoglobulinconjugated peroxidase-labeled polymer amino acid and goat anti-rabbit immunoglobulin-conjugated peroxidaselabeled polymer amino acid (Nichirei, Tokyo, Japan) served as the secondary antibodies. After visualization with 3,3'-diaminobenzidine, sections were treated with hematoxylin for nuclear staining and were mounted with resin. As for negative controls, the same procedures were followed, but without the primary antibodies. For each section, the number of inflammatory cells per mm 2 was quantified by counting the number of all inflammatory cells in the AAR.
Detection of Gelatinolytic Activity by In Situ Zymography
To detect gelatinolytic activity in ischemic heart tissues, we performed in situ zymography by means of an approach previously reported. 21 Fresh specimens of ischemic myocardium were embedded without fixation in OCT compound. Serial frozen sections were obtained by means of a cryostat and were mounted on slides coated with 7% gelatin solution (Fuji Photo Film Co, Tokyo, Japan). Gelatin films with these sections were incubated at 37°C for 7 h in a moisture chamber and were stained with Biebrich scarlet solution (Wako, Osaka, Japan). The gelatin in contact with the proteolytic areas of the sections was digested, which revealed zones of enzymatic activity indicated by negative staining. Sections with digested areas were compared with serial sections immunostained with monoclonal antibody for CD68 (FA-11) or granulocytes (Gr-1). To distinguish MMP activity from the activity of other proteinases in the tissue, gelatin films containing the MMP inhibitor 1,10-phenanthroline (Fuji Photo Film Co) were used and frozen sections were mounted as described above.
Real-Time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) Assay
Total RNA in heart tissues at 6 h and at 1 day after reperfusion was extracted via the RNAzol B method (Tel-Test, Friendswood, TX, USA). Total RNA was reverse-transcribed into cDNA by using random primers (Life Technologies, Rockville, MD, USA). To detect myocardial levels of MCP-1, MMP-2, MMP-9, tissue inhibitor of MMP (TIMP)-1, tumor necrosis factor (TNF)-, interleulin (IL)-1 , inducible nitric oxide synthase (iNOS) and thioredoxin-1 mRNA, real-time RT-PCR was performed by means of an ABI PRISM 7700 sequence detection system with TaqMan Universal PCR Master Mix and Assays-on-Demand gene expression probes (Applied Biosystems, Foster City, CA, USA). TaqMan Rodent 18S Ribosomal RNA Control Regents VIC (Applied Biosystems) was used as an endogenous control gene. A standard curve for the serial dilution of murine heart cDNA was generated. The amplification cycle consisted of 2 min at 50°C, 10 min at 95°C, 15 s at 95°C and 1 min at 60°C. Relative quantitative values of targets were normalized according to the endogenous 18S ribosomal RNA gene control.
Hydroxyproline Assay
Collagen content of ischemic and non-ischemic myocardial tissues was determined by assaying hydroxyproline. 22 Tissues were freeze-dried and weighed, then homogenized in 6 mol/L HCl and hydrolyzed at 130°C, for 5 h. After the pH was adjusted to approximately 7.0 with NaOH, the sample volume was adjusted to 20 ml with distilled water. The sample solution was mixed with chloramine T (Wako) and was incubated at room temperature for 20 min. After addition of 20% dimethylbenzaldehyde (Wako), the mixed solution was incubated at 60°C for 20 min. Absorbance at 560 nm was measured with a spectrophotometer. Data were expressed as g collagen per mg dry weight.
Detection of Cardiac NADPH Oxidase Activity by Lucigenin Chemiluminescence
NADPH oxidase activity was measured using a lucigenin chemiluminescence assay. 23 The heart tissues were weighed and then homogenized in a lysis buffer. Superoxide production in the cardiac extract in the presence of the substrate NADPH (100 mol/L) was measured by lucigeninderived chemiluminescence. The lucigenin concentration in the final reaction mixture was 5 mol/L. The photon emission was measured for 10 min. Data were expressed as count per minute (cpm) per mg dry weight.
Data Analysis
Data are presented as the mean ± SEM. Comparisons between paired groups were performed via Student's paired ttest. Comparisons between multiple groups were performed by one-way ANOVA followed by Fisher's protected least significant difference test. A value of p<0.05 was considered statistically significant.
Results
Infiltration of Neutrophils and Macrophages Into Ischemic Myocardium
We performed immunohistochemistry to determine the constituent cells in ischemic myocardium after ischemiareperfusion. In both groups (CCR2 -/-and wild-type), the number of Gr-1-positive neutrophils gradually increased, with a peak at 1 day after reperfusion, and then gradually decreased (Fig 1A) . No significant difference in the number of Gr-1-positive neutrophils in these 2 groups was found at any time point. In wild-type mice, the number of FA-11-positive macrophages increased at 6 h, peaked at 3 days and gradually decreased at 7 days after reperfusion (Fig 1B) . However, the infiltration of these macrophages was greatly impaired in CCR2 -/-mice at 1 and 3 days after reperfusion.
Relationship Between Macrophage Infiltration and Myocardial Damage After Ischemia-Reperfusion
To evaluate the relationship between macrophage infiltration and myocardial damage after ischemia-reperfusion, we assessed the AAR and infarct size at 3 days after reperfusion. AAR as a percentage of LV was similar in both groups, showing no difference in the size of the ischemic area by the operation (Fig 2B) . As shown in Fig 2A and 2B , at 3 days after reperfusion there was a significant decrease in the infarct area/AAR in CCR2 -/-mice compared with wild-type mice (22.4±2.4% vs 37.3±2.2%, respectively; p<0.001) and in the infarct area/LV (13.3±1.4% vs 18.0± 1.1%, respectively; p<0.01). To determine the effect of macrophage infiltration on myocardial fibrosis, we assayed hydroxyproline to quantitate collagen content at 7 days after reperfusion. The hydroxyproline assay revealed that in both groups the collagen content was increased significantly in ischemic myocardium at 7 days after reperfusion compared with non-ischemic or sham-operated myocardium (Fig 2C) . The collagen content was also significantly lower in the ischemic myocardium of CCR2 -/-mice compared with wild-type mice (0.54±0.1 g/mg vs 0.92±0.1 g/mg, respectively; p<0.01).
MMP Activity as Assessed by In Situ Zymography and Real-Time RT-PCR
We evaluated gelatinolytic activity in ischemic myocardium using in situ zymography to determine whether reduced macrophage infiltration might attenuate MMP activity in CCR2 -/-mice. No gelatinolytic activity was detected in either group at 1 day after reperfusion (Fig 3A  and 3B) . At 3 days after reperfusion, in situ zymography revealed a significant increase of gelatinolytic activity in wild-type mice compared with CCR2 -/-mice. Moreover, this distribution pattern of gelatinolytic activity was quite similar to the distribution pattern of FA-11-positive macrophages in serial myocardial sections (Fig 3A) , but not to the pattern of neutrophil distribution (data not shown). The gelatinolytic activity was reduced at 7 days after reperfusion in both groups. To identify the molecular signals responsible for gelatinolytic activity after ischemia-reperfusion, we used real-time RT-PCR to quantify the expression of MMP-2, MMP-9 and TIMP-1 in ischemic, non-ischemic and sham-operated myocardium. In wild-type mice, the MMP-9 mRNA level was significantly higher in ischemic myocardium than in non-ischemic and sham-operated myocardium at 1 day after reperfusion, but was significantly lower in ischemic myocardium from CCR2 -/-mice compared with wild-type mice (Fig 3C) . MMP-2 mRNA was not detectable in myocardium from either group (data not shown). Ischemia-reperfusion induced TIMP-1 mRNA in ischemic myocardium in both groups, with a lower level in CCR2 -/-mice compared with wild-type mice (Fig 3C) .
Effect of CCR2 Deficiency on MCP-1 mRNA Expression After Ischemia-Reperfusion
To examine the effect of CCR2 deficiency on MCP-1 mRNA expression, we performed real-time RT-PCR for quantitative analysis of MCP-1 mRNA in ischemic, nonischemic and sham-operated myocardium. At 6 h after reperfusion, the expression of MCP-1 mRNA was significantly increased in ischemic myocardium compared with non-ischemic and sham-operated myocardium in both groups, while there was no significant difference in the expression in ischemic myocardium between the CCR2 -/-and wild-type mice (Fig 4) . However, the MCP-1 mRNA expression in ischemic myocardium was significantly lower in CCR2 -/-mice than in wild-type mice at 1 day after reperfusion.
Induction of Oxidative Stress and Pro-Inflammatory Cytokines
The activity of NADPH oxidase, a main source of superoxide, was measured to determine whether CCR2 deficiency could suppress superoxide production in ischemic myocardium after reperfusion. As shown in Fig 5A, a marked increase of NADPH oxidase activity was observed in ischemic myocardium compared with non-ischemic myocardium at 1 day after reperfusion in both groups, while the activity level in ischemic myocardium tended to be lower in CCR2 -/-mice compared with wild-type mice. The NADPH oxidase activity was significantly lower in CCR2 -/-mice than in wild-type mice at 3 days after reperfusion (20.4±2.6 vs 33.1±2.7 cpm/mg, respectively; p<0.05). As shown in Fig 5B, the pro-inflammatory cytokines, TNFand IL-1 , were up-regulated in ischemic myocardium compared with non-ischemic or sham-operated myocardium at 1 day after reperfusion. However, the increase of these mRNA levels was attenuated in ischemic myocardial regions from CCR2 -/-mice compared with wild-type mice. The expression of iNOS and thioredoxin-1 mRNA was increased significantly in ischemic myocardium compared with non-ischemic or sham-operated myocardial tissues in wild-type mice, while the expression was significantly lower in ischemic regions of CCR2 -/-mice compared with wild-type mice.
Moreover, immunohistochemical staining demonstrated that nitrotyrosine was also positive in ischemic myocardium after ischemia-reperfusion in both groups of mice (Fig 6C and 6D) . The density of nitrotyrosine staining was weaker in CCR2 -/-than wild-type mice. In the serial sections, CCR2 -/-mice showed the presence of viable and necrotic cardiomyocytes in ischemic myocardium (Fig 6A) . On the other hand, wild-type mice exhibited an almost 
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complete replacement of necrotic cardiomyocytes with granulation tissue (Fig 6B) .
Discussion
Myocardial ischemia-reperfusion injury is known to be associated with various types of inflammatory responses. 2 Some studies of myocardial ischemia-reperfusion injury have focused on infiltration and activation of granulocytes in the ischemic myocardium. 24, 25 In contrast, other experimental studies have suggested the importance of macrophage infiltration after myocardial infarction, especially as it relates to LV remodeling and cardiac rupture. 26, 27 We also reported that the inhibition of the MCP-1/CCR2 pathway attenuated LV remodeling after myocardial infarction produced by permanent occlusion of the left coronary artery. 10 However, there is no previous direct evidence as to whether CCR2 deficiency contributes to the attenuation of myocardial ischemia-reperfusion injury as related to oxidative stress.
In the present study, the number of infiltrated macrophages in ischemic myocardium from wild-type mice was increased from 1 day after reperfusion and peaked at 3 days after reperfusion; however, this process was markedly reduced in CCR2 -/-mice. We found that CCR2 deficiency limited the extent of infarction at 3 days after reperfusion. CCR2 deficiency also reduced the degree of cardiac fibrosis at 7 days after reperfusion. These findings suggested that reduced macrophage infiltration by inhibition of CCR2 signaling might have beneficial effects on myocardial ischemia-reperfusion injury. Dewald et al reported that the inhibition of the MCP-1/CCR2 pathway using MCP-1 -/-mice had no beneficial effect on the myocardial infarct size resulting from 60 min of ischemia followed by reperfusion. The difference between Dewald's data and our data could be related to the shorter duration of ischemia in the present study or the use of CCR2 -/-mice rather than MCP-1 -/-. We used a 45-min period of ischemia to salvage more ischemic myocardium by reperfusion because most of the ischemic myocardium tended to be necrotic after 60 min of ischemia followed by reperfusion in our preliminary experiments. It is possible that the activation of the CCR2 signaling pathway could damage a viable myocardium that was salvaged by reperfusion after a 45-min period of ischemia. It is also possible that several signals through the CCR2 pathway are absent in CCR2 -/-mice because CCR2 binds not only to MCP-1, but also to MCP-2, MCP-3 and MCP-4. In contrast, only the MCP-1/CCR2 pathway is absent in MCP-1 -/-mice. 5 We suggest the inhibition of several chemokine pathways in CCR2 -/-mice may attenuate ischemia-reperfusion injury in the present study.
In our previous study, 10 the peak infiltration of inflammatory cells in the infarcted myocardium occurred at 7 days after myocardial infarction in CCR2 -/-and wild-type mice, and the density of inflammatory cells was much greater than in the present study. Moreover, the infarct size was almost identical between CCR2 -/-and wild-type mice. There are 2 possible explanations for the difference in results between the present and our previous study. The peak of the infiltration of inflammatory cells might occur earlier with ischemia-reperfusion than with permanent occlusion model because the inflammatory cells infiltrate into the ischemic myocardium directly from the reperfused coronary artery. In addition, the number of infiltrated inflammatory cells might be lower in ischemic myocardium in the ischemiareperfusion model because of less injury due to reperfusion after 45 min.
Chemokine-mediated macrophage chemotaxis is known to be important in the pathogenesis of ischemia-reperfusion injury in various tissues. 28, 29 Some studies reported that MCP-1 mRNA synthesis was markedly induced in rat and mouse models of myocardial ischemia-reperfusion. 8, 30 In the present study, the expression of MCP-1 mRNA peaked at 6 h after reperfusion in both wild-type and CCR2 -/-mice, and this mRNA expression was significantly lower at 1 day after reperfusion in CCR2 -/-mice compared with wild-type mice. Kumar et al reported that MCP-1 mRNA was induced in endothelial cells but not in the infiltrating leukocytes in a canine model of myocardial ischemia-reperfusion. 31 In contrast, Kakio et al have reported that the majority of MCP-1 mRNA positive cells were newly recruited and activated macrophages in a rat model of myocardial ischemia-reperfusion. 8 The present study indicates that the reduction in the number of infiltrated macrophages in ischemic myocardium in CCR2 -/-mice might be the main reason for reduced MCP-1 mRNA expression in CCR2 -/-mice at 1 day after reperfusion.
In the present study, we showed that the expression of TNF-and IL-1 mRNA was significantly up-regulated in ischemic myocardium of wild-type mice compared with CCR2 -/-mice. Pro-inflammatory cytokines including TNFand IL-1 can directly impair myocardial contraction after myocardial ischemia. 32 We speculate that increased expression of pro-inflammatory cytokines produced by infiltrating macrophages might exacerbate myocardial ischemia-reperfusion injury. It is possible that CCR2 deficiency may attenuate myocardial ischemia-reperfusion injury by regulating pro-inflammatory cytokines including TNF-and IL-1 .
In confirmation of our previous report, we demonstrated a close relationship between MMP activity and macrophage infiltration in the ischemic myocardium by using in situ zymography. 10 Furthermore, expression of MMP-9 mRNA was significantly up-regulated in ischemic regions of myocardium from wild-type mice compared with CCR2 -/-mice. TIMP-1 mRNA expression was greater at 1 day after reperfusion in the ischemic myocardium from wild-type mice compared with CCR2 -/-mice, indicating a compensatory increase of inhibitory expression against activated MMPs. MMPs degrade all components of the extracellular matrix and play numerous physiological roles in wound healing and angiogenesis. 33 Some experimental investigations have shown that MMPs are cytotoxic to several cell types, such as neurons, fibroblasts and myocytes, and increase cell death. 34, 35 Our data suggest that the augmented MMP activity related to increased macrophage infiltration might contribute not only to LV remodeling but also to myocardial damage after ischemia-reperfusion.
An increase of oxidative stress has been implicated in the etiology and pathology of myocardial ischemia-reperfusion injury. 36, 37 In the present study, the expression of iNOS mRNA was increased significantly in ischemic myocardium compared with non-ischemic and sham-operated myocardial tissues in wild-type mice, with greater expression in wild-type mice than in CCR2 -/-mice. Szabolcs et al suggested that myocardial injury, including apoptosis, was closely associated with the expression of iNOS in macrophages and myocytes. 38 However, the role of iNOS is still controversial. For example, some experimental studies showed that inhibition of iNOS expression blocked ischemic injury in cardiac 39 and renal tissues. 40 In contrast, Kanno et al showed protection of myocardium from the adverse effects of ischemia-reperfusion injury using iNOSoverexpressed mice. 41 In the present study, NADPH oxidase activity and the density of nitrotyrosine were also increased in ischemic myocardium of wild-type mice compared with CCR2 -/-mice at 3 days after reperfusion. One of the reactive oxygen species is peroxynitrite (ONOO -), formed in the nearly instantaneous reaction of nitric oxide (NO) with superoxide anion. ONOO -has a high affinity to nitrate tyrosine residues relative to other biological oxidants, resulting in posttranslational modification of protein-bound tyrosine to 3-nitrotyrosine. 42 Nitrotyrosine is thought to be a suitable marker for peroxynitrite formation. Thus, the present findings suggest that up-regulation of iNOS might lead to excessive NO production and cause oxyradical-mediated myocardial damage. Many studies have demonstrated that total NO production and iNOS expression are increased in myocytes incubated with cytokines, such as IL-1 , TNF-, interferon-and lipopolysaccharide. 43, 44 Up-regulation of IL-1 and TNF-might stimulate the production of iNOS in myocytes and macrophages after ischemia-reperfusion. In the present study, it was not clear whether augmented NADPH oxidase activity was derived from myocardium or from phagocytes that migrated into the myocardium or the extracellular matrix. Recently, it has been reported that the expression of p22-phox and gp91-phox, essential components of NADPH oxidase, were increased after myocardial infarction. 45 Gp91-phox is thought to be expressed only in phagocytic cells. These observations suggest the possibility that augmented NADPH oxidase activity might be derived from macrophages.
We also studied the expression of thioredoxin, a 12-kDa multifunctional stress-inducible protein, which protects cells from oxidative stress in ischemic myocardium. Thioredoxin is a ubiquitously expressed in all living cells as 3 proteins: thioredoxin-1, mitochondrial thioredoxin/thioredoxin-2 and spthioredoxin. 46 We found that expression of thioredoxin-1 mRNA was up-regulated at 1 day after reperfusion in ischemic myocardium of wild-type mice compared with CCR2 -/-mice. A previous experimental study suggested a possible association between thioredoxin and a protective effect in ischemia-reperfusion injury. 47 Takagi et al suggested that NO produced by iNOS contributes to the induction of thioredoxin because the localization of iNOS is strongly correlated with thioredoxin, which indicates a close relationship between NO production and oxidative stress in cardiovascular disease. 48 Thus, the present findings suggest that the increase of thioredoxin-1 expression in ischemic myocardium of wild-type mice might result from greater oxidative stress after ischemiareperfusion.
In the present study, we propose a mechanism of myocardial ischemia-reperfusion injury that is mediated by CCR2-mediated macrophage infiltration. In contrast, other studies have suggested the significance of neutrophils as a mediator of myocardial-ischemia reperfusion injury. 2, 24, 25 Recently, Reichel et al reported that in the early phase of ischemia-reperfusion, CCR2 was mostly detected on neutrophils, but not on macrophages, and mediated neutrophil Circulation Journal Vol.70, March 2006 migration to post-ischemic tissues. 49 Although we did not examine neutrophil infiltration in the ischemic lesions early after reperfusion, CCR2 deficiency might attenuate the migration and activation of neutrophils during the initial reperfusion phase, reducing myocardial ischemia-reperfusion injury. Thus, both neutrophils and macrophages may play an important role in ischemia-reperfusion injury. However, there is no direct evidence of the relative importance of different inflammatory cell types in mediating myocardial ischemia-reperfusion injury. We need to design new in vivo models that can examine both neutrophil-and macrophage-derived inflammatory reactions after myocardial ischemia/reperfusion in future studies.
In conclusion, the present study demonstrated that targeted deletion of the CCR2 gene attenuated myocardial ischemia-reperfusion injury via inhibition of macrophagerelated oxidative stress and MMPs. Direct inhibition of the MCP-1/CCR2 functional pathway may be a useful therapeutic maneuver to reduce myocardial ischemia-reperfusion injury as well as LV remodeling after myocardial infarction.
